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A REVIEW OF THE EXPERIMENTAL AND THEORETICAL STATUS
OF THE REVERSED-FIELD PINCH

D. A. BAKER
Los Alamos National Laboratory

ABSTRACT

This paper reviews the status of the reversed-field pinch (RFP) approach
to the development of a compact nuclear fusion reactor. Two RFP papers
in this conference are coiuplimentary; the first paper’ contains the histori-
cal origins and basic concepts concerning MHD instabilities, relaxation and
RFP confinement properties as well as a discussion of future prospects of the
RFP. This paper gives an overview of the status of plasma parameters of
the present main RFP experiments and of the status of theory and experi-
ment of the interesting RFP plasma phenomena of relaxation, self reversal
and flux generation (these effects are often referred to as the dynamo effect).
The low frequency oscillating-field current drive concept which exploits these
eflects is discussed. Particular emphasis is given to the theoretical results
obtained from plasma simulation codes used in these active areas of study.
Selected topics of recent research on the Los Alamos ZT-40M experiments
are reported. The paper concludes with descriptions of the next generation
Los Alamos RFP experiment® ZTH, to be located in the new Confinement
Physics Research Facility? (CPRF) presently under construction, and the
characteristics of an RFP compact reactor.

I. INTRODUCTION

This paper and companion paper in thic conference! jointly review the reversed-fickl
pinch (RFP) tusion research concept. The turoidal pinch has a long history which is covered
by earlier general review papers? % on the reversed field pinch. The RFP concept has many
interesting areas of research both experimentally and theoretically and the authors have
of necessity limited their discussion to certain topics. Reference 1 reviews the general
origins and basic concepts of the RFP with an emiphasis on RFP plasima confinement. It
also includes recent results on the ETA-BETA Il device, and a description of the new
RFX experiment under construction, and comments on future prospects for fusion. The
aim of the present paper is to review other topics; these include a short overview of the
present RFP experimental devices, an overview of the very recent work in the areas of
rescarch on telonation, flux generation, low frequency current drive, some ZT-40M results,
wnd ‘'a general descrivtidn of the new high-current RFP heing designed and constructed at
Los Alamos. The paper concludes with a general overview of the RFI’ compart reactor
roncept.



II. OVERVIEW OF THE PRESENT RFP EXPERIMENTS

Reversed-field pinch research has recently expanded both in the size and number of
experimental devices. Five interinediate sized experiments®~!? have been in operation for
several years and have accumulated extensive databases. A general overview of their char-
acteristics and the published plasnmia parameters achieved in these devices are summarized
in Table I. Plasma temperatures of < 0.6 keV, plasma densities of > 5 x 10?°m~? and
energy confinement times approaching a millisecond have been obtained. Flat-topped cur-
rent discharges lasting over 35 msec have been achieved. Mast importantly, the plasma
temperatures and Lawson nrg products increase with plasma current.!! This fact has lead
to the construction of larger, higher current next generation devices: (1) RFX, a 2MA
(R/A =2 m/0.5 m) experiment under construction in Padova, Italy, in collaboration with
the Culham Jaboratory in the EURATOM program is discussed in Ref 1.; (2) ZTH, a 4
MA (R/a = 2.4 m/.4 m) experiment, is being consiructed at Lcs Alamos and is discussed
in Sec. 1V of this paper; and (3) a 2 MA (R/a = 1.5 m/0.25 m) experiment is planned
for the near future at the University of Tokyo. There has been an outstanding growth in
tke number of RFP devices in recent years, particularly in Japan. These are summaearized
in Table II.

With the above expanded activity in the present and future RFP devicea should
significantly increase rate of progress in solving outstanding guestions in RFP physics.

TABLE I. Range of Parameters for Present Experiments with Large Databases

TPE-1R(M) ETA-BETA-Il ST-40M OHTE-RIP HBTX
ETL PADOVA LOS ALAMOS GA TECENOLCGIPS CULHEAM
(Japan) (lealy) (Unlted States) (Unlied States) (United Kingdeom)

. Injor radées, Rp(m) o8 0.6 1.14 1.24 08
Minor 1adins, rp(m) 0.00 0123 0.20 0.20 0.2¢
Poak current, [,(M A) 0.1 0.2% 0.48 0.80 0.30
Pulse rise time, ra(me) 0.4 0108 0°%¢0 2 02w 0.4 0.3104
Pulse bagth, r{ms) (X 1010120 b.L 1o 37 80010 3.0t 14
(107 /m?) 01tol0 02040 011,10 0.1to B0 01w10
T.(ONeV) 500 10 600 100 s 200 20 to 400 500 300 to 480
Maxz. Ti(eV) 500 to 800 100 ¢o 300 2 T.(0) 2 T.(0) 300 1o 450
Poloidal bets, S ~0.1 ~0.1 0110212 011003 01102
Esergy confinement Usse,
rg(ms) ~0.1 ~0.1 031007 ~0.4 0110~1.0



TABLE II. RFP EXPERIMENTS

Experiment Location R (m) a (m) I(kA) Major Arcas of Study

Repute-1 Univ. of Tokyo 0.32 0.2 220. Equilibrinm control with
thin shell and feedback
STP-3M IPP 0.5 0.09 170. High current density
Nagoya Univ.
HIT-1 Hiroshima Univ. 0.25 0.09 103. Startup and impurity
studies
ATRAS Nikon Univ. 0.5 0.09 -- Start-up
CN-RFP Nikon Univ. 0.14 (0.38 x 0.1) 10. Noncircular shape
divertors and dynamo
STE-RFP Kyoto Univ. 0.25 0.1 20. current drive and
divertors
Reversatron Univ. of 0.50 0.08 30. Shell studies
Colorado
MST Univ. of 1.4 0.56(ave)  400. under modification
Wiscorsin
Multipinch GA Technologies - -- 210. non circular cross-section

III. SOME HIGHLIGHTS OF PRESENT RFP PHYSICS RESEARCH
A. Dynamc Effect - Relaxation-Flux Generation
1. General

One of the most exciting physics topica in RFP research comes from the observed
ability of the RFP discliarge to maintain its reversed-field configuration in the presence
of resistive diffusion. The current is maintained for timmes well beyond that predicted by
classical one dimensional resistive MI{D nndels. A comparison'? hetween an actual Z7-40
discharge and classical computation is shown in Fig 1. This ability of the discharge to
generate or sustain the toroidal field only by the energy supplied by the torvidal voltrge
circuit is referred to as the dynamo effect. This is an extension of the use of this terin which
is identified with the sustaimment and generation of fields in the moving and conducting
fluids in che earth's core, the sun, and other astrophysical objects. Probably the most
striking demonstration of the toroidal field generation oceurs during a ramped maode of
RFP startup!® as shown in Fig 2. The net positive toroidal Hux increanes even though
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the toroidal field is negative at the plasma edge as discussed in Ref 12. Positive fux is
generated inside the plasma and negative flux is expelled into the external toroidal field
circuit.

2. Three-Dimensional MHD Simulations

Several imnodels have been previously proposed to explain the toroidal flux generation
and sustainment pinches; see Ref. 4 for references through 1983. Recently extensive
studies have been made which examine the process using resistive MIID codes. That three
dimensional resistive MHD codes can produce a steady-state reversal mean toroidal field
has been demonstrated.’4~!7 In an interesting comparison study!® of five 3-D resistive, tinie
dependent MHD codes, three compressible and two incompressible, it was found that, for
the benchimark case tested, the compressible codes prodiuced a steady field reversal while
the incompressible codes did not. (See Fig. 3). The study concluded that compressibility
is an essential component of the dynamical evolutions of the RFP.

A 3-d pseudospectral computation'” was made which followed the evolution of an
incompressible fluid for a constant applied magnetic field and a hollow non-uniform initial
current density. Small scale turbulence develops and the field energy decays faster than the
magnetic helicity. The average toroidal magnetic field reverses sign spontaneously. The
state that develops is nearly force free, but J-B/B? is not uniform suggesting more residual
disorder than that of a pure minitnum energy state. These calculations are presently being
extended to include compressibility and a <riving E field.

The extensive studies with the resistive 3-D MHD codes have indicated the following:

1. The maintenance of toroidal field reversal by the nonlinear evolution of n1 = 1 resistive
modes.

2. The nonlinear interaction of many m = 1 modes can lead to a stochastic core with
good surfaces outside ior low 8 < 1.6 .

3. Long time oscillatory behavior occurs at high theta.

4. Unlike for the tokamak description, wheu many resistive tearing modes interact and
cause disruption, for the RFP the driven iodes remais: stable and have a stabilizing
eflect on the dominant growing modes.!*

The Result 2 abov: suggests that for nermal low theta operation the confinement of
the RFP may he sensitively eflected by the plasma edge properties, field errors, limiters,
etc. Plasma edge physics lias hecome a very active RFP research area.!®-3?

There are limitations on 3-D codes diue to boundary conditions that are used.?? finite
resolution (mesh size and mode truncation). practical running time, and upper fimits on
the practical Lundquist numb>r (resistive diffusion time/Alfvén time) thus leaving plenty
of room for more work to achieve significant improvemeits in the future.



3. Reduced MHD Equations

Reduced MHD equations?® for the .nean and fluctuating fields have heen derived and
applied to the RFP. Tlese approximate equations are used tn analyze the mean and fluctu-
ating fields and produce equations easily solved numerically. Solutions to these equations
indeed produce self reversal as shown also in Fig. 4. The reduced equations have heen
used to show that quasilinear treatment of growing and stationary tearing modes can be
calculated and are consistent with field reversal in the RI'P.

4. Sawtooth Activity

At high values of the pinch parameter § = Bpoi(a)/Byave, large sawtooth oscillations
are seen on ZT-40. In contrast to the relatively smooth sustainment of the toroidal flux at
low theta values, in this case the dynamo acts to restore the flux in discrete jumps?® for high
theta operation. These observable events have been studied i detail?” and it was found
that a one dimensional transport description was sufficient to model the risetime portion
of the sawtooth if the resistivity profile is not flat, but instead lias resistivity gradients
lucated af less than half the plasma radius. These studies resulted in the following picture:
The sawtooth ctarts at state of minimum energy and evolves away from that state by
ohmic heating which peaks the current on axis driving the system into instability. 1These
instabilities enter a nonlinear phase causing the sawtooth crash returning the plasma to
the previous minimum energy state and the process repeats. Srudies of the stability of
these profiles during the ohmic heating phase indicate that the crash and flux generation
are produced by current-driven tearing inodes. Experimentally large scale m = 1, n ~ 8-15
inodes have been associated with the crash.?”

5. Current Ramping Simulation

NDynamo action during C'urrent Ramping startup has heen recently examined?® with
a 3-D MHD code with the conclusion that this mode of RFP operution, in which the
toroidal flux generation is the most pronounced, can be simulated. The long-wavelength
and low frequency tearing instabilities are sufficient to give the obhserved flux generation
and the strong nonlinear coupling ohserved between the toroidul and poloidal field circuits.
1t is acknowledged, however, that the calculated edge field fluctuations are larger than
obiserved experimentally. This is one of the main discrepancies between the numerical
MHD predictions of the dynaino action and experiment for hoth ramped and steady current
operation. An important question in this regard is whether the inclusion of a large number
of modes, i.e., fine spatial and temporal resolution and the use of the high experimental
Lundquist nuinbers, would allow resistive MHD to predict the low level turbulence observed
in the low theta RFP discharges. This (uestion remains open as a result of the limitations
on present day computers.
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B. ANALYTIC WORK ON RELAXATION

Since this area of research is reviewed in Ref. 1, only a few comments on recent work
are given here, Work continues along several approaches to further study the effects of
relaxation and flux generation. Tiie results of an early statistical study of the RFP state?®
has been followed®® by a deterministic approach for incompressible dissipative MIID. The
reversed field state was shown to be a quasi-steady state that is stable as an attractor.

A recent calculation minimizing energy, with constraints on magnetic helicity, hybrid

helici.y, axial magnetic flux, and fluid velocity flux, gives a relaxed state which is not force
free.3!

A study has heen made of the radial distribution of the dynamo mean electric field
needed to sustain steady-state cylindrical RFP when prescribe:l values of A(r) = J- B/B*
and thermal transport functions are given.’? It was found that: (1) energy was extracted
from the central core to drive the poloidel large currents of the RFP configuration; (2)
thz quantitative results are only weakly dependent on the choice of parameters; and (3)
comparisons with experiments indicate that the resistance of the plasma may not he far
from classical. Conclusion (1) agrees with past work on the kinetic dynamo model in
which electrons pick up energy in the core and then are tranaported across a postulated
ergodic field line region to produce the currents for the reversed field in the outer region.3?
Conclusion (2) also agrees with earlier work in which the plasma resistivity is estimated
using magnetic helicity.34

A new dynamo model has appeared very recently.?® It is a spin off from the Rotamak
concept in which current drive is produced by rotating fields in a regime where the Hall terin
in ohms law dominates the resistive term and the electrons are frozen to the magnetic field
while the jons are not. The proposed mechanism uses a non-linear liall effect of a saturated
helical mode. Preliminary calculations predict the correct direction and magnitude for the
poloidal current density that was observed in HBTX1A. The observed small magnetic field
fluctustion ~2% level is reported to be suflicient to give agreement with the experiment.

C. CURRENT DRIVE

The advantages of steady state reactors over pulsed ones have motivated studies both
experimentally and theoretically for driving tokamaks, including particle beam injection
and various radio-freauency drive schemes. These techniques seek to avoid the continuous
increase of poloidal flux that threads the hole in the torus for normal inductive drive.
There is an equivalent need for such a system for the toroidal RFP. In addition to the
methods available to the tokamaks, there is also the possibility of a inethod®® which uses
a low (audio) frequency ac modulation of the toroidal and poloidal field to produce a
unidirectional current. This method, if successful, would replace expensive r.f. or particle
bLeam equipment with low cost ac power supplies. The technique was first explored using
0-D models.3™** Using the assumption of instantaneous relaxetion to a preferred state
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and energy balance in the forin of the Poynting theorem, one obtains an equation for the
toroidal loop vcltage®’ .
Vo = IaRp + F1(6)]4 + F2(0)Vs (1)

where I4 is the toroidal current, R, = I;z JJ-EdV (the integral extends over the plasma
volume), Vj is the poloidal voltage and F;(8) and F3(#) are functions of the pinch parameter
8. The precise form of these functions depends on the magnetic field profiles.’” When a
small signal analysis is used and assuming the changes in R, are negligible, the direct
current component for steady state has the forn37°

_ KVyVysing

Idc = 2w(¢)R,, ’ (2)

where the modulating voltages are given by Vo = Vpsinwt, Vy = Vgsin(wt —§), and (@) is
the mean toroidal lux. The coefficient K depends on the mean-field profiles. This expres-
sion is maximum when the phase angle & is 90°. Alternatively, one may integrate equation
(1) directly allowing one to drop the mmathematical restriction that the modulating voltages
be small. A sample solution obtained by integrating Eq. (1) using the Modified Bessel
Function model*® is shown in Fig. 5. Critical to the system is tle value of the eflective
plasma resistance, Rp, because it determines whether current drive can be obtained for
practical values of the amplitude of the oscillating voltages. Since the resistivity should
drop in the next generation high current, high temperature experiments (and even more
in reactor level plasma), the required driving anmiplitude on the oscillating voltages will
be reduced. Studies of the effecte of varying phase of modulations impressed on normally
inductively driven flat top discharges in Z1-40M have been made.!! The arrangement for
driving the field windings is shown schematically in Fig. 6. Waveforms for optimum phase
§ = 7/2 (called pumping) § = 7 (called dunmiping, which drives a reverse component of
current) are shown along with an unmodulated current in Fig. 7. The agrsement in the
trends observed in 0-D simulation is encouraging, indicating that this plasma is responsl-
ing in the correct way to give current drive. The fact that the current did not actually
increase in the pumping case in Fig. 7 is evidently due to an enhanced resistance due to
plasma-wall interactions accompanying the modulations. It is noted that the amount of
modulation on Vjp iz limited if the reversed toroidal field is retained. Loss of field reversal is
known to dramatically raise the piasna resistance. Somewhat improved behavior has heen
obtained when the modulations were applied during a ramp*® so that the mean Poynting
vector was directed radially inward.

Recently, 1-D calculations have heen made using MHD codes to examine the details of
the plasma response during oscillating field-current drive.#4#® Since the MHD relaxation is
basically three ditnensional, some means for modelling the relaxation needs to be included
in the 1-D calculations. One approach is to periodically force the field profiles to relax.4
Aunother apnroach modifies Ohm’s law in the 1-D MHD corles by adding an o effect term*’

E=nl+vxB+xB. (3)
An expression for the x coefficient of the forin

x= B?V.[B’DVJ B/B?| (1)



has been discussed by several authors.*®*=5° D is a coefficient which controls the flattening
of the X profile. The spatial variation of I must be specified, e.g., from 3-D code results
or from a theory. The hyper-resistivity term (4) allows one and two dimensional codes
and to be able to produce the RFP profiles?®%® and to generate toroidal flux during 2-D
ramped current simulations.>! This expression for x has also been shown, under certain
assunptions, to conserve magnetic helicity while dissipating energy.?? The 1-D simulations
ha re been successful in demonstrating current drive without flux consumption. It has been
shown that m = 1 helical perturbations are needed for the resistive MHD model to give
oscillating field current drive. A class of m = 1 tearing modzs which can generate the
required poloidal lux have been identified?3*2 and are driven unstable by the development
of an off-axis peak in the A profile.53

This area of research is currently very active both theoretically and experimentally
in order to determine both the physics properties and engineering requirements for this
approach to current drive.

D. FUELING AND DENSITY CONTROL

Experiments??:54:%3 ave heen carried out using injection of solid fueling pellets into
reverse field pinch discharges. In ZT-40M a four barrel pneumatic pellet injector previously
used on Alcator C.5° Injection was along a major radius and resulted in as high as a
factor of six increase in density. A characteristic hehavior was a deflection of the pellet
both toroidally and poloidally upon entering the discharge. This eflect is interpreted as
produced by an asymmetric ablation of the pellet by impact with electron currents flowing
along the magnetic field. This effect will he useful as a diagnostic for RFP plasmas.

It is observed that when neutral gas injection is used concurrently with pellet injection,
the eflectiveness of both is increased. This eflect may be due to an increased neutral density
atl the plasma edge from the gas puffing, which suppresses the energetic electrons causing
the asymmnietric ablation as the pellet enters the discharge regioa.

The results to date have demonstrated the ability to increase and sustain the density
in an RFP. This technique appears to be a viable method of density control needed in the
future long-pulse high-current devices.

IV. THE ZTH EXPERIMENT

A next generation RFP experiment ZTH will be the initial eaperiment in the new
confinement physics research facility (CPRF) uner construction at Los Alamos.5753

The experiment will be located in an existing building having thick concrete walls
and ceiling to give adequate neutron shielding for the projected plasima parameters. The
experiment will he powered by a 1,430 MVA, 600 MJ generator operating over the frequency
range of 60 to 42 II.. Power conversion equipment will drive up to 4 MA plasina current



into the ZTH experiment. The generator can be fitted with a flywheel which will provide
1,400 MJ of additional energy. Key design quantities of the experiment and projected
plasina parameters for ZTH are given in Table 3.

TABLE 8. ZTH DESIGN SPECIFICATIONS

Symbol Quantity Design Value Comments
R Major Radius (liner) 24 m
a Minor Radius (liner) 0.4 m
R/a  Aspect Ratio 6.m
Iy Max. Toroidal Current 4 MA Range: 0.5 to 4
Tr I4 Rise Time 50ms
Bp poloidal beta 0.1 Range: 0 to 0.2
¢; Shafranov Int. Inductance 1.4 Range: 0.5 to 2
T, Shell Time Constant ~ 50ms
R. Liner resistance 8.5 mf2
Ve Toroidal voltage (A 20V @ 0.5 MA
V .s volt seconds 28.8 For 60 MA in OH Coil

Projected Plasma Quantities at 4 MAS’

T Temperature T, =~ T; ~4 keV
e Electron density ~ 2.5 x102°m 3
TE Energy containment time  ~85 s

An artist's conception of the ZTH device is shown in Fig. 7 and a cross-section layout
is shown in Fig. 8. The coil arrangement is shown in Fig. 9.

The design of ZTH has the following objectives for the first phase:
1. Optimize the formation, current ramping, and plasma equilibrium control.
2. Determine the suitability of graphite armor for wall protection at high wall loading

3. Determine scaling properties of plasma parameters (beta, density, and temperature)
as I4 is increased up to 4 MA.

4. Explore methods of ramp down with gradual current termination.

The second phase of the experiments will require some system modification and will
be used to explore the following;:



1. Optimization of density control with pellet injection, gas pufling, etc.
2. Impurity control and divertors.
3. Explore the oscillating field current drive and other schemes as dictated by the results.

The new experiment is scheduled to begin operation with plasma current capability
of 2 MA in May 1991 and with a 4 MA capability in Septenber 1992.

V. THE REVERSED-FIELD PINCH AS A COMPACT REACTOR

One of the characteristic features of the reversed-field pinch is that it aliows a high
engineering beta (plasima pressure/field pressure at the coils), a feature which results from
the fact that the main poloidal confining field is supplied by the plasma and drops to lower
values ouiside the plasma. This property has allowed the development of the concept of a
small, high power density compact fusion reactor®®6? using resistive coils and thin blankets
as an alternative to the earlier large, low power density designs®® utilizing thick blankets
and super-conducting coils. The advisability of such a change in direction in reactor
designs is suggested by studies®?%3 which indicate that the cost of electricity from the large
fusion reactors project to be 50-100% above the alternative nuclear energy sources. The
smaller compact designs are able to project lower electricity costs because the cost of the
fusion power core (the plasnia chamber, first wall, blanket, shield, magnets, and structure)
contributes a significant fraction to the price of the electricity. This cost increases with the
amount of material in the fusion power core, and studies®®3 have concluded that the ratio
of net electric power to fusion power core mass (mass power density) should be 100-120
kWe/tonne or more to be competitive with the cost of electricity from pressurized water
fission reactors. Framework studies®®:®” of the RFP compact reactor project designs with
mass power densities of > 3 MWe/tonne, inore tha an order of magnitude improvement
over the value for the conventional large fusion reactor designs.

The RFP has other distinctive features which promise attractive reactor properties. It
operates success(ully at high current densities, is not bound by the Kruskal limiting current,
allows designs wlich utilize simple ohinic heating to ignition, and puts no coustraints on
the toroida! aspect ratio. The plasima relaxation to a preferred state gives a strong coupling
between the poloidal and toroidal field circuits; this gives promise for a steady state current
drive using low frequency fields as described earlier. A sample set of design parameters
and characteristics from Ref. 67 CRFPR (20) are given in 'Table 4. A layout of the fusion
power core is shown [Fig. 9 and a sample plant layout for this design is shown in Fig. 10.
Optimization studies and other arrangements are given in Ref. 67.

Further detailed studies of the RFP fusion reactor are curvently being unde.taken by
a multi-institutional TITAN program, and the results of a first step scoping study are
available.®® This scoping study explored a large number of design options, and confirmed
that the RFP concept system with high power densitites and with neutron wall loadings
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TABLE IV. Key CRFPR Engineering Parameters and Characteristics for the
I, =19.5 MW/m®, CRFPR(20) Design from Ref. 67.

Net/Gross electric power,

Pg|MW (electric)|/ Egr|[MW (electric)]
Total thermal power, Pry(MW (thermal)
Gross power-conversion efliciency, nTy
Recirculation power fraction, ¢
Cverall plant availability, ps

Major/minor plasma radius, Rr/r, (m)
Plasma volume, V, (m?)

Firet-wall area, Apn (M?)

Neutron first-wall loading, I.(MW/m?)
Number of toroidal section, N

Maxinium field at magnet, Bq.(7")

Field at plasma axis/edge, 54(0)/Bo(rp)(T)

Average poloidal/total beta, G¢/0

Average D-T ion density/temperature
n(10%°/m*)/T(keV')

Plasma burn mode

Plasma heating method (startup)
Plasma current/ohinic power (MA/MW)
Plasina impurity- control method
First-wall/limiter materials

Blanket /shield structural material

Tritinm-breeding medium

Primary coolant
Shield

Thermal-conversion method

Total Fusion Power Core Weight

1,000/1,256

3,473

0.369

0.204

0.75 (15 MW - yr/m? FPC life)

3.9/0.71
38.8
115
19.0
24')

4.5
9.5/5.2
0.23/0.12

6.6/16.0

Continuous/ignited <’

Ohmic (246 V - s total, 26 V" - s, ol mic)
18.4/25.3

Poloidal pumped limiter (24, 38% first wall)
MZC copper alloy (water cooled)

H'T-9 steel (water-cooled second wall)

Li-Pb (35 MW,/ m? average), tritium breeding
ratio = 1.06 (two dimensional)

Li-Pb (poloidal flow, 0.6 m thick)

Stainless Steel (0.1 m thick, wat~r cooled)
Dual-medium (~40% H,Q, ~60% Li-P) steam

1,117 tonnes

(a) For off-site fabrication purposes only, single-piece or batch FPC maintenance is envisaged
for this system that weighs ~305 tonnes (first wall, blanket, shield, TF(s), to which is added a
separate 813-tonne PI'C set and ~943 tonnes of Li-Pb coolant.

(b) At the OHC during the burn, 9.2 1" uuring startup. Peak fild at the TFC is G.7 T, with the
plasma dynamo providing a major part of the toroidal flux during startup. The TFC/ONC/EFC
power consumption is 12.6/73.0/53.5 MW (electric), with the OHC power guing to zero upon

initiation of F — © pumping current drive.

(c) Bazed on F — © pumping at 50 Iz with &/ ~ 0.035 toroidal flux swing, &Vo/(Iafall)) ~

100, 614/I4 ~ 0.01 plasina current swing.



in the range 15-20 MW /m? can have a fusion power core whose cost would be less than
10% of the total plant cost. This means that sma!l units can be used to minimize the cost
of a developiwrent program. The design phase of the TITAN program is in progress and
is expected to lead to further advancement toward the goal of an attractive RFP fusion
reactor.
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Fig. 1. Comparison of the toroidal Rux in ZT-40M with a one-dimensional computer

code using the measured toroidal volinge and fieldline pitch as boundury conditions. The
sustainmment of tlie flux by the dynamo action is evident.!?
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Fig. 4. Computational simulations of F — 6 pumpiug on ZT-40M. (n) Plaama current
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punmiping. (c¢) Simulsted waveform for the magnetizing flux (¥,,) during F - 6 pumping.
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